ABSTRACT The complex responses of eukaryotic cells to external factors are governed by several transcriptional and post-transcriptional processes. Several of them occur in the nucleus and have been linked to the action of non-proteincoding RNAs (or npcRNAs), both long and small npcRNAs, that recently emerged as major regulators of gene expression. Regulatory npcRNAs acting in the nucleus include silencing-related RNAs, intergenic npcRNAs, natural antisense RNAs, and other aberrant RNAs resulting from the interplay between global transcription and RNA processing activities (such as Dicers and RNA-dependent polymerases). Generally, the resulting npcRNAs exert their regulatory effects through interactions with RNA-binding proteins (or RBPs) within ribonucleoprotein particles (or RNPs). A large group of RBPs are implicated in the silencing machinery through small interfering RNAs (siRNAs) and their localization suggests that several act in the nucleus to trigger epigenetic and chromatin changes at a whole-genome scale. Other nuclear RBPs interact with npcRNAs and change their localization. In the fission yeast, the RNA-binding Mei2p protein, playing pivotal roles in meiosis, interact with a meiotic npcRNA involved in its nuclear re-localization. Related processes have been identified in plants and the ENOD40 npcRNA was shown to re-localize a nuclear-speckle RBP from the nucleus to the cytoplasm in Medicago truncatula. Plant RBPs have been also implicated in RNA-mediated chromatin silencing in the FLC locus through interaction with specific antisense transcripts. In this review, we discuss the interactions between RBPs and npcRNAs in the context of nuclear-related processes and their implication in plant development and stress responses. We propose that these interactions may add a regulatory layer that modulates the interactions between the nuclear genome and the environment and, consequently, control plant developmental plasticity.
INTRODUCTION
In recent years, RNA researchers have shown a growing interest in a hidden part of the transcriptome: the non-proteincoding RNAs (npcRNAs). This group of RNAs does not encode proteins but their function is associated with the RNA molecule itself. Although some npcRNAs can code for small functional peptides, they do not contain long ORFs and, consequently, they have eluded bioinformatic searches mainly based on coding capacity. Nonetheless, new bioinformatical and experimental strategies as high-throughput sequencing of RNAs and microarray analysis have revealed an outstanding number of novel npcRNA candidates in various model organisms from yeast or plants to Homo sapiens (He et al., 2006; Hü ttenhofer and Vogel 2006; Mattick and Makunin, 2006; Mercer et al., 2009; Yasuda and Hayashizaki, 2008) . Apart from the well known housekeeping non-protein-coding RNAs like ribosomal RNA (rRNA), transfer RNA (tRNA), small nucleolar RNA (snoRNA), and small nuclear RNA (snRNA), many new regulatory npcRNAs or riboregulators have been discovered and characterized (Mercer et al., 2009; Wilusz et al., 2009) . NpcRNAs can be transcribed from intergenic regions, but they also include a surprising number of antisense RNA transcripts, pseudogenes, and truncated transcripts in eukaryotes. The transcriptome is surprisingly complex, with long npcRNAs often overlapping with or interspersed in between coding transcripts. This complexity has created a shift in our comprehension of gene expression as a DNA sequence can be transcribed in multiple sense and antisense transcripts, intronic npcRNAs, intergenic, or promoter-associated RNAs (Mercer et al., 2009) . In Arabidopsis thaliana, whole-genome mapping based on the use of tiling arrays revealed that .50% of observed transcription was intergenic and that numerous antisense RNA transcripts exist (Yamada et al., 2003) .
Several well known nuclear RNAs (snRNA, snoRNAs) are mainly involved in ribosome biogenesis and splicing mechanisms, including alternative splicing, and will not be described here (reviewed in Simpson et al., 2010) . Nevertheless, introns may themselves code for non-protein-coding RNAs such as the intronic microRNA (miRNA) or mirtrons (Ying et al., 2010) , as also shown in plants for some miRNAs (Brown et al., 2008; Hirsch et al., 2006) . Globally, npcRNAs have been far less studied in plants than in animals, in which diverse mechanisms have been discovered (for review, see Prasanth and Spector, 2007; Voinnet, 2009; Wilusz et al., 2009) .
All aspects of RNA metabolism are accompanied by the activities of a myriad of RNA-binding proteins (RBPs) (Burd and Dreyfuss, 1994) . Most RBPs contain one or more conserved domains, such as the RNA-recognition motif (RRM), the Khomology (KH) motif, RGG (Arg-Gly-Gly) boxes, and doublestranded RNA-binding domains (dsRBDs). A survey of the A. thaliana genome for RNA-binding proteins revealed 196 RRM-and 26 KH-containing proteins (Barta et al., 2008; Lorkovic, 2009) . Although most of these proteins have not been characterized experimentally, forward and reverse genetic approaches are beginning to reveal a requirement for proteins that have roles in RNA metabolism in plant development (Lorkovic, 2009) . Several of these RBPs localize in the nucleus and have been linked to diverse nuclear activities (e.g. nuclear splicing) or sub-nuclear domains (e.g. nuclear speckles, nucleolus or Cajal bodies). In this review, we will discuss the interplay between npcRNAs and RNA-binding proteins that may be involved in environmental stress responses or plant development through their action in the plant cell nucleus.
REGULATORY NON-PROTEIN-CODING RNAs COMING TO LIGHT
Regulatory npcRNAs or riboregulators include npcRNAs expressed at a certain stage of development, during cell differentiation, or as a response to external stimuli, and can affect transcription or translation of other genes (Mattick and Makunin, 2006; Yasuda and Hayashizaki, 2008) . According to their size, regulatory npcRNAs are classified as small regulatory npcRNAs (,40 bp) or long regulatory npcRNAs (.40 bp). NpcRNAs have been implicated in different regulatory mechanisms in plant development (Brown et al., 2008; Voinnet, 2009) , in environmental biotic interactions, and abiotic stress responses (Ben Amor et al., 2009; Jay et al., 2010; Sunkar, 2010) , and/or shown to have specific localization at tissular, cellular, and sub-cellular levels (Campalans et al., 2004; Zhan and Lukens, 2010) . In Figure 1 , we show a schematic representation of a plant nucleus indicating different sub-nuclear compartments and the biogenesis of both long and small npcRNAs.
The best characterized npcRNAs are the small si/miRNAs, key regulators of gene expression (Vaucheret, 2006; Voinnet, 2009) . The small RNAs range from 20 to 40 nucleotides long and play a major role in gene silencing at transcriptional and post-transcriptional levels. There are many classes of small RNAs acting in the regulation of gene expression by different pathways, including small interfering RNAs (siRNAs), microRNAs (miRNAs), heterochromatic siRNAs (hc-siRNAs), Piwiinteracting RNAs (piRNAs), trans-acting siRNAs (ta-siRNAs), and naturally occurring antisense siRNAs (nat-siRNAs) (Jamalkandi and Masoudi-Nejad, 2009; MacLean et al., 2010) . Small si/miRNAs induce messenger RNA (mRNA) cleavage and After transcription, a small percentage of the total RNA pool are protein coding mRNAs that are exported to the cytoplasm and subsequently translated to give rise to the cellular proteins. Another large portion of the transcriptome is composed of the so-called npcRNAs. One part of the npcRNAs will trigger regulatory mechanisms inside the nucleus as indicated by red arrows: examples of long npcRNAs have been shown to affect transcription, act as antisense RNAs, or be involved in recruitment of Polycomb complexes and heterochromatin formation. We also show a simplified scheme of the biogenesis of small npcRNAs, miRNAs, and siRNAs. The latter exert their function in de novo heterochomatin generation through the action of AGO-containing complexes or regulate mRNA stability or translation in the cytoplasm. TFs, transcription factors; PRC2-like, Polycomb repressive complex 2-like; npcRNAs, non-protein-coding RNAs; RDRs, RNA dependent RNA polymerases; DCLs, Dicer-like proteins; AGOs, argonaute proteins; siRNAs, small interfering RNAs; miRNAs, microRNAs. Different sub-nuclear particles (nuclear speckles, cajal bodies, nucleolus) are indicated and heterochromatin is indicated in dark blue.
translational inhibition through pairing with specific mRNA targets, mainly in the cytoplasm, or lead to transcriptional gene silencing (TGS), heterochromatin formation, and de novo DNA methylation in the nucleus (Jamalkandi and Masoudi-Nejad, 2009; Llave, 2004; Vaucheret, 2006; Verdel et al., 2009) (Figure 1 ). Although heterogeneous in size, sequence, genomic distribution, biogenesis and action, most of these molecules mediate repressive gene regulation through a mechanism often referred to as RNA silencing or RNA interference (RNAi). Their main role relies on the maintenance of genome integrity and developmental patterning, as well as on the generation of novel regulatory mechanisms to help plants to adapt and respond to adverse biotic and abiotic environmental conditions (Ruiz-Ferrer and Voinnet, 2009 ). Hence, the enormous diversity of small RNAs (more than 250 000 different sequences in Arabidopsis, the ASRP database, http://asrp.cgrb.oregonstate.edu/db/) may serve as a substrate to develop novel regulations for the protein-coding mRNAs as the enzymes involved in the processing of si/miRNAs are highly related, the RNAase III DICER and the DICER-like enzymes. The miRNA precursors are generally cleaved by DICER-like enzymes (four genes in A. thaliana, DICER-like (DCL)1 to DCL4) and the resulting small RNA is incorporated in the RNA silencing complex (RISC) containing ARGONAUTE (AGO) proteins and determines the specificity of action of this complex (Vaucheret, 2006) . The recognition of specific mRNA targets through the loaded miRNA will lead to the cleavage or the translational inhibition of the mRNA target (Xie et al., 2010) . For siRNAs, the recognition of transgene mRNA targets leads to their degradation in a similar way (gene silencing) but also to the generation of secondary siRNAs (Vaucheret, 2006) . In A. thaliana, DCL1 is the main enzyme responsible for miRNA production from imperfectly double-stranded RNA precursors arising from spontaneous folding of endogenous loci. Plant miRNAs are then exported to the cytoplasm and taken up in the RISC complex to exert their function on mRNAs, a well described post-transcriptional regulatory process (Voinnet, 2009) . In fact, transcription factors and miRNAs are the major trans-acting regulators that determine the dynamic equilibrium of transcriptional networks at each developmental stage in eukaryotes (Hobert, 2008) . As negative regulators of gene expression, they can act as developmental switches used to shut down gene expression programs. Alternatively, small RNAs can fine tune gene expression to quantitatively adapt the development to endogenous or environmental fluctuations and therefore act as canalization factors (Li et al., 2009) .
Other endogenous pathways lead to gene silencing in plants. In contrast to miRNAs, siRNAs derive from dsRNA (double-stranded RNA) precursors, which originate from either convergent transcription of neighboring loci, inverted repeats, or from the action of RNA-dependent RNA polymerases (RDR) on precursor single-stranded RNAs, including transgenes or viruses, so-called aberrant RNAs (Chapman and Carrington, 2007; Vaucheret, 2006) . The different DCL enzymes produce siRNA classes with different sizes. DCL4 produces 21-nt ta-siRNAs through recognition of the cleaved product of the long TAS npcRNAs by a specific miRNA (Chapman and Carrington, 2007) . This cleaved product is converted into a dsRNA by the RDR6 polymerase and then cleaved by DCL4 to release ta-siRNAs loaded into AGO1 and guiding the cleavage of complementary mRNA in the cytoplasm. On the other hand, DCL3 produces 24-nt siRNAs from transposons and repeats RNA after they are converted into dsRNA by PolIV and the RDR2 polymerase (Vaucheret, 2006; Voinnet, 2009 ). These 24-nt siRNAs associate with AGO4 and other proteins, and induce transcriptional silencing through histone modification, DNA methylation, and chromatin remodeling. Finally, transcription of overlapping gene pairs in a convergent orientation therefore allowing the production of antisense transcripts can lead to the production of dsRNA and the so-called nat-siRNAs (natural antisense-siRNAs) through DCL enzymes (Borsani et al., 2005) . In A. thaliana, the four members of the DICER family coupled to the 10 ARGONAUTE (AGO) members preclude an enormous complexity of the different pathways in which si/miRNAs can act (Chen, 2009; Hö ck and Meister, 2008; Margis et al., 2006) . In all those pathways, there are some steps occurring in the nucleus, and all of them are tightly linked to the presence of specific RNA-binding proteins having different functions to ensure the functionality of the small RNAs in gene silencing, heterochromatin formation, or mRNA posttranscriptional regulation.
In contrast to small npcRNAs, much less is known about the diversity of biogenesis and action of long npcRNAs. These transcripts, as the miRNA precursors, are generally produced by RNA polymerase II, capped, and polyadenylated. Few data exist on long npcRNA activity, sub-cellular localization or molecular roles in plants; however, several of these npcRNAs have been identified (Ben Amor et al., 2009; Charon et al., 1999; Franco-Zorrilla et al., 2007; Hirsch et al., 2006; Ma et al., 2008) . Although npcRNAs may play essential cytoplasmic regulatory roles such as inhibiting miRNA activity (Franco-Zorrilla et al., 2007) or affecting miRNA expression through other indirect means (Ben Amor et al., 2009) , others seem to act as cisor trans-antisense RNAs (Borsani et al., 2005; Katiyar-Agarwal et al., 2007 )-a process that may be linked to the nucleus. In addition, as small siRNAs, long npcRNAs can also mediate epigenetic changes by recruiting chromatin remodeling complexes to specific genomic loci, as shown for the HOTAIR (HOX antisense RNA) that silences transcription across 40 kb of the HOXD locus in Drosophila (Rinn et al., 2007) . This process is mediated by the Polycomb chromatin remodeling complex PRC2 and the HOTAIR RNA. Homologs of certain members of the PRC complex have been identified in plants and their mutations affect heterochromatin organization, cell proliferation and lead to spontaneous embryogenesis in plants (Chanvivattana et al., 2004) , suggesting a link between heterochromatin regulation and plant development. Nevertheless, npcRNAs linked to the action of these plant PRC-like genes have not yet been identified. Other studies on npcRNA showed their ability to modulate nuclear activities of different proteins. For example, in the presence of an npcRNA, the TLS (TRANSLOCATED IN LIPOSARCOMA) protein can change its conformation into an active form to inhibit the histone acetyl-transferases CBP and P300, and silence the cyclin D1 in human cells (Wang et al., 2008) . More recently, the GAS5 npcRNA (for GROWTH ARREST SPECIFIC5) has been shown to bind specifically to the GLUCOCORTICOID RECEPTOR (GR) protein, a transcription factor involved in cell growth, and to inhibit its activity in HeLa cells (Kino et al., 2010) . Other mechanisms imply the transcription of an npcRNA across the promoter region of a downstream protein-coding gene to interfere with its expression pattern (Martens et al., 2004) or to induce histone modification leading to the repression of transcription initiation (Houseley et al., 2008) or, conversely, chromatin remodeling and opening to activate transcription (Hirota et al., 2008) . The action of long npcRNAs that are not precursors of small RNAs, and act through direct interaction with the transcription machinery or via chromatin formation, are also depicted in Figure 1 .
RNA-BINDING PROTEINS LINKED TO SILENCING MECHANISMS MAY ACT IN THE NUCLEUS
Identification of the RBPs with which each npcRNA is associated is at the core of understanding RNP interaction networks in the cell. Several RNA-binding proteins are involved in the biogenesis and the mechanisms of action of small RNAs. In plants, the RNAi pathways have been largely diversified and amplified, and several steps occur in the nucleus. In addition to the cleavage and the degradation of target homologous mRNAs in the cytoplasm (gene silencing), small siRNAs play a role in maintaining epigenetic marks in eukaryotic genomes (Valencia-Sanchez et al., 2006) . Genome-wide analyses of DNA methylation at single-base resolution demonstrated that siRNAs direct approximately 30% of the cytosine methylation in A. thaliana (Cokus et al., 2008; Lister et al., 2008) . Likely, long npcRNAs are substrates for DCL3 and are processed by the RNA silencing apparatus to generate 24-nt siRNAs that, in turn, will guide chromatin modifications to homologous regions of the genome (Bü hler, 2009; Grewal and Elgin, 2007; Kloc and Martienssen, 2008; Matzke et al., 2009; Nagano et al., 2008; Zaratiegui et al., 2007) . This last mechanism is known as RNA directed DNA methylation (RdDM) (Huettel et al., 2007) , and was observed for the first time in tobacco plants infected with viroids, pathogen circular RNA molecules (Wassenegger et al., 1994) . A proposed model for the RdDM pathway in A. thaliana begins with the recruitment of a form of the DNA-dependent RNA polymerase IV, the POL IVa, to a target genomic site (e.g. a transposon or DNA tandem repeats), through an unknown mechanism. The POLIV in Arabidopsis exists in two isoforms (POLIVa and POLIVb), with NRPD1a and NRPD1b as their respective largest subunits, and both isoforms are implicated in the production and activity of siRNAs and in RNA-directed DNA methylation (RdDM) (Mosher et al., 2008) . The POLIVa isoform synthesizes a single-stranded RNA (ssRNA) that is recognized by RDR2 (RNA-DEPENDENT RNA POLYMERASE2) and/or POLIVa as an aberrant RNA, and subsequently converted by them into dsRNAs. The dsRNA is then digested by DCL3 to produce siRNAs that are loaded onto AGO4 proteins. An AGO4 protein bound to a siRNA may form a complex with POL IVb, and DRM2 (a de novo cytosine methyltransferase, DOMAIN REARRANGED METHYL-TRANSFERASE2) to initiate, in a sequence-specific manner, DNA methylation, histone methylation, and possibly ATP-dependent chromatin remodeling (Henderson and Jacobsen, 2007; Matzke et al., 2009) . Other genetic approaches revealed that DRD1, a putative chromatin remodeling protein involved in RNA-directed DNA methylation, acts together with AGO4 to enable DRM2 to access the target DNA to carry out de novo DNA methylation (Huettel et al., 2006 (Huettel et al., , 2007 . Nevertheless, this is an active process, and the methylation status of a number of genes seems dynamically regulated by methylation and demethylation (Bei et al., 2007; Lister et al., 2008; Penterman et al., 2007a Penterman et al., , 2007b Zhu et al., 2007; . Active demethylation may naturally function to protect plant genes from genome defense pathways and/or reversibly modulate transcription in non-dividing cells (Huettel et al., 2006; Lister et al., 2008; Penterman et al., 2007a) . In A. thaliana, this process is mediated by a subfamily of DNA glycosylases, including the ROS1 (REPRESSOR OF SILENCING1), that prevent DNA hyper-methylation and transcriptional gene silencing of the specific transgene, but it is still unknown how these proteins are targeted to specific sequences (Penterman et al., 2007a; Zhu et al., 2007) . More recently, another element of this pathway was identified-the ROS3 protein that has an amino-terminal RNA-recognition motif (RRM) able to bind in vivo specific small RNAs (Zheng et al., 2008) . ROS3 may direct demethylation of target sequences and further studies will clarify whether ROS3 can also bind larger npcRNAs and which specific sequence features it recognizes (Zheng et al., 2008) . Interestingly, immuno-localization experiments revealed that ROS3 is localized in the nucleoplasm as well as in the nucleolus, as scattered speckle-like structures, and ROS1 was similarly found to be dispersed throughout the nucleoplasm and nucleolus. However, the ROS1 immunolocalization signals tended to appear more diffuse and smaller than the ROS3 nuclear foci (Zheng et al., 2008; Zhu et al., 2007) . Taken together, the results indicate that ROS1 and ROS3 are interdependent for their nuclear, and especially nucleolar, co-localization, and that ROS3 functions in the same DNA demethylation pathway with ROS1 through the recognition of specific npcRNAs (small RNAs and/or larger RNAs) to guide sequence-specific DNA demethylation. In fact, several other components of the RdDM have been found in nuclear bodies or processing centers adjacent to or within the nucleolus in A. thaliana Pontes et al., 2006; Verdel et al., 2009) (Figure 2 ). Proteins that formed such discrete nuclear bodies include RDR2, DCL3, AGO4, and the subunit NRPD1b of POLIV.
Another mechanism involving RBPs in silencing pathways also linked to the nucleus is the miRNA biogenesis pathway. Some of its components, namely the processing factors DCL1 and HYL1, are present in nucleoplasm foci known as DIC-ING bodies (D-bodies) (Fang and Spector, 2007; Song et al., 2007) . However, contrarily to RDR2, DCL3, AGO4, and NRPD1b, they do not have an exclusive link with the nucleolus. Finally, a recent work demonstrated that AGO4 is present in two distinct types of bodies. The major part of AGO4 is found in Cajal bodies, whereas a smaller population is located in a second class of bodies called AB-bodies . Those bodies contained some RdDM components as the DNA methyltransferase DRM2, and NRPD1b and NRPD2 (the smallest subunit of POLIV) were found to be adjacent to the 45S ribosomal DNA (rDNA) loci, suggesting that these bodies may be a site of active RNA-directed DNA methylation. Cajal bodies are nuclear compartments mainly adjacent to the nucleolus that can also be observed in the nucleoplasm. They serve as important centers for the maturation and processing of several ribonucleoparticles, which enter the Cajal body, are modified there, and then exit for further utilization in other processes elsewhere (Cioce and Lamond, 2005) . Cajal bodies were shown to be dynamic structures in a constant state of assembly/disassembly implicated in diverse processes as in the assembly and trafficking of telomerase (Lukowiak et al., 2001) , of U7 small nuclear ribonucleoprotein particule (snRNP) (Cioce and Lamond, 2005; Handwerger and Gall, 2006) and of RNA polymerase I, II, and III transcription factors . Cajal bodies also play roles in assembling snoRNA ribonucleoprotein (snoRNP) complexes that are thought to accumulate in Cajal bodies before entering the nucleolus . Their role in the regulation of processing or maturation of silencing complexes is still unknown.
RNA-BINDING PROTEIN AND LONG NON-PROTEIN-CODING RNA NUCLEAR INTERACTIONS MAY AFFECT PLANT DEVELOPMENT
Through interaction with specific RBPs, long npcRNAs may modulate the cellular RNP networks to determine new patterns of gene regulation similarly to small npcRNAs. One Diverse mechanisms linking certain npcRNAs and RBPs discussed in the text are schematized (arrows). MtRBP1 re-localizes from nuclear speckles to cytoplasmic particles in the presence the ENOD40 npcRNA. Alternatively, AtMEI2-like proteins may be re-localized into the nucleus through interaction with npcRNAs, as shown in yeast cells. Another mechanism involves siRNAs loaded in AGO4-containing complexes in association with specific RBPs (ROS3/ROS1) and the demethylase DRM2 to trigger DNA methylation. Finally, 3' processing of an antisense npcRNA results in epigenetic changes at the FLC locus. FLC, FLORAL LOCUS C; MtRBP1, Medicago truncatula RNA Binding Protein 1; AtMEI2-like, Arabidopsis thaliana MEIosis2-like; AtDRM2, Arabidopsis thaliana Domains Rearranged Methyl-transferase 2; AtROS, Arabidopsis thaliana Repressor Of Silencing.
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at UNAM on January 6, 2011 mplant.oxfordjournals.org sub-nuclear structure involved in multiple RNA-related processes is the nuclear speckle and one of its functions is the storage of the small nuclear ribonucleoprotein (snRNP) spliceosomal complexes (maturated in the Cajal bodies) until the appropriate molecular signals trigger their journey to transcribing genes in the spliceosomes, therefore acting in mRNA processing (Cioce and Lamond, 2005; Handwerger and Gall, 2006; Li et al., 2006) . These nuclear speckles (or interchromatin granule clusters) are spotted shapeless structures containing elevated concentrations of splicing snRNPs and other splicing-related proteins that participate in the cotranscriptional splicing of mRNAs at the chromosomes, in addition to several molecules with structural roles in the cell (Shaw and Brown, 2004) . In mammalian cells, changes in transcription and protein phosphorylation state perturb the composition and intra-nuclear localization of the speckles (Lamond and Spector, 2003) . Besides, nuclear speckles may also supply a stopover and regulatory checkpoint for components traveling with mRNAs through the nuclear pore to the cytoplasm (Handwerger and Gall, 2006) . Interestingly, RBPs present in nuclear speckles and interacting with npcRNAs may play a role in plant development. The npcRNA family ENOD40 has been involved in the formation of symbiotic nitrogen-fixing nodules in legumes (Charon et al., 1999; Crespi and Gà lvez, 2000; Kouchi et al., 1999) . Transgenic Medicago truncatula plants overexpressing or silenced for ENOD40 exhibited accelerated nodulation or form only a few and modified nodule-like structures, respectively, suggesting that MtENOD40 regulates nodule development (Charon et al., 1999; Wan et al., 2007) . The ENOD40 npcRNA is highly structured (Crespi et al., 1994; Girard et al., 2003) , although a small peptide has been proposed to be translated from this transcript (Rohrig et al., 2002) . Using the yeast three-hybrid system, a constitutively expressed RNA-binding protein, MtRBP1, localized in nuclear speckles, has been identified to interact with the ENOD40 RNA (Campalans et al., 2004) (Figure 2 ). Immuno-localization experiments and transient assays demonstrated that the MtENOD40 npcRNA seems to be required for the re-localization of MtRBP1, from nuclear speckles to cytoplasmic granules, during nodule organogenesis (Campalans et al., 2004) .
Re-localization of RNP complexes has also been linked to the action of npcRNAs in the fission yeast. The sme2/meiRNA npcRNA was shown to bind the Mei2p protein, considered as a master regulator of meiosis (Watanabe and Yamamoto, 1994) . The mei2 gene encodes an RBP with three RNArecognition motifs (RRMs), of which the C-terminal RRM3 is critical for its function (Watanabe et al., 1997) . During mitosis, mei2 transcripts are accumulated but Mei2p remains inactive within the cytoplasm. Under meiosis-inducing conditions (mainly nutrient starvation), Mei2p shuttles from the cytoplasm to the nucleus (Sato et al., 2001; Yamashita et al., 1998) , where it binds to the meiRNA npcRNA at the sme2 locus and forms a Mei2p dot structure (Shimada et al., 2003) . Formation of this dot coincides with the onset of meiosis I and Mei2p may antagonize selective elimination of meiotic messenger RNAs by sequestering another RBP, Mmi1p, in this nuclear dot structure (Harigaya et al., 2006; Harigaya and Yamamoto, 2007) . Whereas one unique mei2 gene is present in S. pombe and does not exist in S. cerevisiae, the mei2-like family has undergone a great expansion in the vascular plant lineage (Anderson et al., 2004; Charon et al., 2010; Jeffares et al., 2004) . All these plant mei2-like genes encode RBPs with three RRMs, particularly the third distinctive C-terminal RRM that is essential for Mei2p function and only present in the Mei2p-like proteins. Nevertheless, Mei2p-like TEL (TERMINAL EAR1-like) proteins are only found in land plants and can be distinguished from the other Mei2p-like proteins by the presence of a 14-18-amino acid specific insertion within this third RRM (Anderson et al., 2004; Jeffares et al., 2004) . In monocots, TEL genes were shown to regulate leaf initiation and development, as well as flowering transition and inflorescence development (Veit et al., 1998; Kawakatsu et al., 2006; Xiong et al., 2006) , whereas the other mei2-like genes, like the AMLs (Arabidopsis mei2-like) in A. thaliana, mainly seem to play a role in meiosis like mei2 in fission yeast (Hirayama et al., 1997; Kaur et al., 2006) . Expression analysis confirmed a conserved association of TEL expression with tissue and organ initiation (Paquet et al., 2005; Charon et al., 2010) , suggesting a putative role for TEL RBPs in the cellular mitosisdifferentiation transition. Sme2-like npcRNAs appear not to exist in plants (C. Charon, unpublished data) and plant RNA Mei2p-like RBP partners still remain unknown. However, npcRNA sequences can diverge rapidly even between closely related species (Mercer et al., 2009 ). These re-localization mechanisms are depicted in Figure 2 . In the case of the A. thaliana Mei2p-like proteins, their nucleo-cytoplasmic translocations were hypothesized from the re-localization of Mei2p in S. pombe, since the sub-cellular localization of the plant Mei2p-related proteins remains unknown.
ANTISENSE RNAs MAY MODIFY EPIGENETIC PATTERNS OF EXPRESSION AND ARE ACTIVELY DEGRADED IN PLANT CELLS
Long npcRNAs produced in the nuclei such as processed 'aberrant' RNAs (RNAs without cap or polyadenylated tail) or antisense RNAs can generate double-stranded RNAs and trigger silencing mechanisms through the action of DCLs, leading to the generation of heterochromatin-siRNAs or nat-siRNAs as mentioned above. However, other RNA qualitycontrol mechanisms occur in the cell. For example, the non-sense-mediated mRNA decay (or NMD) is a qualitycontrol mechanism related to cytoplasmic foci known as Pbodies that recognizes premature nonsense or stop codons (PTC) within an mRNA by the action of the exon-junction complex (EJC) that marks correctly fused exons . After recognition of an incorrectly positioned stop codon, the NMD system signals the elimination of the mRNAs through de-capping, de-adenylation, and exonucleolytic degradation (Amrani et al., 2006; Conti and Izaurralde, 2005; Lejeune and Maquat, 2005) . The UP-frameshift proteins (UPFs) are essential for NMD and three UPF genes exist in A. thaliana. A genome-wide analysis of these mutants revealed that in addition to the expected NMD substrates, most npcRNAs, including large numbers of antisense RNAs, are degraded by this pathway, suggesting that one of the most important roles of NMD is the genome-wide suppression of aberrant or antisense RNAs (Kurihara et al., 2009 ). Interestingly, a proteomic approach using Arabidopsis nucleoli revealed the presence of several unexpected proteins, notably some components of the post-splicing EJC involved in mRNA export and NMD, proposing an additional function of the nucleolus in mRNA surveillance (Pendle et al., 2005) . More recently, two components of the NMD were shown to localize in the nucleolus: the UPF2 and UPF3 proteins (Kim et al., 2009 ), further reinforcing a role for the nucleolus in these processes. Similarly, a genome-wide atlas of exosome substrates in A. thaliana revealed, in addition to mRNA and miRNA processing intermediates, hundreds of npcRNAs not previously described (Chekanova et al., 2007) . The exosome is a macromolecular complex that mediates RNA processing and degradation, in both the nucleus and the cytoplasm, and is generally essential for viability in eukaryotes. These npcRNAs only detected in exosome mutants include large numbers of antisense RNAs as they are rapidly and actively degraded in wild-type plants; however, certain of them may play post-transcriptional regulatory roles. Recently, it has been elegantly shown that the targeted 3' processing of antisense transcripts triggers Arabidopsis chromatin silencing at the locus encoding the major flowering repressor FLC (FLOWERING LOCUS C; Liu et al., 2010) . In fact, FLC represses several major floral regulators, and vernalization, the regulation of flowering competence through cold exposure of plants, leads to the deposition of epigenetic marks in this locus to activate early flowering (Simpson et al., 2003) . This epigenetic control results in FLC transcriptional silencing through the activities of two RBPs (FCA and FPA), a member of a 3' RNA processing complex, and a histone demethylase (Liu et al., 2007; Simpson et al., 2003) . A suppressor mutagenesis screen and a detailed analysis of FLC locus transcription revealed the 3' processing of FLC antisense (but not sense) transcripts. A specific RBP directs the 3' processing activities to a proximal antisense polyadenylation site, a targeted processing triggering locally histone demethylation and leading to FLC sense silencing (Liu et al., 2010, Figure 2) . As the RBPs involved in this mechanism also silence transposons and transgenes in Arabidopsis , the 3' processing of antisense transcripts may be a general mechanism triggering chromatin silencing in eukaryotes (Liu et al., 2010) . These nuclear roles of npcRNAs can have consequences on the generation of novel patterns of gene expression and, as shown for the FLC locus, can trigger environmentally driven epigenetic changes.
CONCLUDING REMARKS
Even though many nuclear RBPs have been identified as having critical roles during the development and in epigenetic remodeling of chromatin, it is largely unclear how their action may control development, primarily due to the difficulty in identifying their RNA partners (Lorkovic, 2009) . Most RBPs are likely to have multiple RNA partners such as mRNAs and npcRNAs (e.g. antisense RNAs, various 'aberrant' RNAs or mRNA-like npcRNAs) that may compete in the different RNPs to generate RNA networks in which npcRNAs can act as competitors or activators and determine their localization or action.
The large diversity of npcRNAs identified in eukaryotes supports the notion that npcRNAs are important to explain, at least in part, the complexity of multi-cellular organisms, since the total number of protein coding genes in diverse organisms (from a sea anemone to humans) varies much less than the number of different transcripts along evolutionary scales (Mattick and Makunin, 2006; Yasuda and Hayashizaki, 2008) . It has then been suggested that such npcRNAs may modulate the resulting proteome from a specific transcriptome and increases genome plasticity (Mercer et al., 2009 ) and partly explain the large variations observed between these genomic approaches (ENCODE Project Consortium, 2007) .
Plants exhibit a remarkable flexibility in their architecture and developmental patterns in response to external conditions, in contrast to animals, due to the continuously active growth of shoot and root meristems and their capability to generate new organs after embryogenesis (Wolters and Jü rgens 2009) . This developmental plasticity is a major characteristic of higher plants allowing individuals having the same genotype to give rise to different phenotypes, depending on environmental conditions. We suggest that npcRNAs by modulating RNP networks could be involved in this plasticity and significantly impact the outcome of the transcriptome, notably in response to abiotic stresses, in order to adapt growth and development to the environment. Riboregulation mediated by npcRNA-RBPs interactions is emerging as an important determinant of differentiation in eukaryotes. Several of these mechanisms may be linked to the active transcription taking place in the nuclei and may use the large amount of npcRNAs accumulating in this compartment to introduce flexibility to the system, notably adding an epigenetic dimension to the genome (Figure 2 ). Future challenges lie in understanding the interplay of these molecular mechanisms with the RNP networks to determine growth and developmental outcomes under different environmental conditions.
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